Mitochondrial dysfunction remains prominent in hy potheses defining mechanisms of cerebral ischemic in jury. For example, postischemic brain shows prominent changes in redox activity of mitochondrial respiratory chain components (Welsh et aI., 1982; Welsh et aI., 1991; Rosenthal et aI., 1995; Perez-Pinzon et aI., 1997; Perez-Pinzon et aI., 1998a,b) , Also, mitochondria iso lated from postischemic brain showed limitations of "state 3" or activity-dependent respiration (Sims and Pulsinelli, 1987; Sciamanna and Lee, 1993; Bogaert et aI., 1994) . Postischemic mitochondria also may be a ma jor source of reactive oxygen species, Reactive oxygen species production and free radical-mediated damage were linked to reperfusion injury after brain ischemia (Flamm et aI., 1978; Fridovich, 1979; Siesjo et aI., 1985; Kontos, 1989; Vlessis et aI., 1990; Hall et aI., 1993) , Postischemic mitochondrial redox state has been char acterized by shifts toward oxidation (hyperoxidation) re spiratory chain components (Rosenthal et aI., 1995;  slices subjected to severe hypoxia plus reoxygenation, Cyto chrome c content in cytosol derived from cerebral cortex was increased after ischemia and reperfusion, In intact hippocampal slices, there was a loss of reducible cytochrome c after hypoxial reoxygenation, which is consistent with a decrease of this redox carrier in the mitochondrial pooL These results suggest that cytochrome c is lost to the cytosol after cerebral ischemia in a manner that may contribute to postischemic mitochondrial dys function and to delayed neuronal death, Key Words: Isch emia-Mitochondria-Apoptosis-Necrosis-Anoxia-Per meability Transition pore, Perez-Pinzon et a!., 1997; Perez-Pinzon et aI., 1998a,b), This hyperoxidation of electron carriers has been inter preted either as decreased substrate availability (Rosen thal et aI., 1995) or to reaction of mitochondrial com plexes to reactive oxygen species (Perez-Pinzon et aI., 1997) . An alternative explanation is that this hyperoxi dation may result from loss of electron carriers, such as cytochrome c and NADH from mitochondria after isch emia. Thus, it is important to determine whether some electron carriers are lost from mitochondria, both be cause such loss might affect respiratory chain activity and because it may trigger the apoptotic cascade.
Mitochondrial dysfunction appears to underlie delayed neuronal death (apoptotic or necrotic) after cerebral isch emia (Nitatori et aI., 1995; Charriaut-Marlangue et aI., 1996) , This is suggested by findings that apoptosis (pro grammed cell death) may be linked to mitochondria (An karcrona et aI., 1995; Schinder et aI., 1996; Kluck et aI., 1997; Yang et aI., 1997) and by reports implicating cy tochrome c as a trigger activator of DEVD-specific caspases, and consequently as an inducer of apoptosis (Kluck et aI., 1997; Yang et aI., 1997) . Defining the relation between mitochondrial dysfunction and cell death is complicated. For example, after excitotoxic in sults, cells that failed to recover mitochondrial mem brane potential appeared to die from necrosis, whereas cells in which mitochondrial membrane potential recov ered, showed improved energy status, and survived the necrotic phase still underwent apoptosis (Ankarcrona et aI., 1995) .
Current research sought to determine whether cyto chrome c is released from mitochondria into the cytosol after anoxic or ischemic cerebral insults. Goals were to test whether levels of cytochrome c in the cytosol were increased by global cerebral ischemia in rat brain in situ and to determine whether reducible cytochrome c (pre sumably the intramitochondrial cytochrome c within the functioning electron transport chain) was decreased after anoxia in hippocampal slices.
MATERIALS AND METHODS
All animal procedures were performed in accordance with the Guide fo r the Care and Use of Laboratory Animals pub lished by the National Institutes of Health. Study groups and experimental paradigms in vivo. There were two in vivo study groups:
Procedure for studies in vivo
1. In vivo control group: Rats underwent all surgical proce dures except ischemia. The length of time was similar to that of the ischemia group (see later).
2. In vivo ischemia group: Rats underwent 20 minutes of isch emia followed by 30 minutes of reperfusion.
Procedure for studies in hippocampal slices
Slice preparation has been previously described (Perez Pinzon et aI., 1997). Briefly, male Wistar rats (250 to 300 g) from Charles River Laboratories (Cambridge, MA, U.S.A.)
were deeply anesthetized with pentobarbital sodium (60 mg/kg) and cooled down. The rats were perfused for 1 minute with cold physiologic saline to remove all blood and hemoglobin con tamination. After decapitation, the cranium was opened and the brain was superfused with cold artificial cerebrospinal fluid with the following composition (in millimolar amounts): 126 NaCI, 3.5 KCI, 26 NaHC03, 1.25 NaH2P04, 2 CaCI2, 2
MgS04, and 10 glucose equilibrated with 95% O2 and 5% CO2, Slices of 400-J-Lm thickness were prepared from the hippo campal region of the hemissected brain with a motorized Vi broslice microtome from Campden Instruments, Ltd (Sileby, U.K.). Each slice was incubated in artificial cerebrospinal fluid oxygenated with 95% 02/5% CO2 and stored at 28°C for at least 1 hour before they were transferred to the recording cham ber.
Absorption spectra were obtained by rapid scanning spectro photometry (LaManna et aI., 1985) from the control slices in normoxia and again at the final 10 minutes of anoxic insult.
Absorption differences between normoxic and anoxic control slices at 550 nm (with reference to 535 and 575 nm), attribut able to cytochrome c, were compared with absorption differ ences measured in experimental slices.
Study groups and experimental paradigms in hippocampal slices. There were two in vitro study groups:
1. In vitro control: Slices underwent a single anoxic insult of 10 minutes' duration after 50 minutes in normal oxygenated artificial cerebrospinal fluid. Spectra of cytochromes were collected after 10 minutes of normoxia and at 10 minutes of anoxia (for fully reduced spectra). Slices obtained for this group came from the same rat as those used for the next group; thus, comparisons were made between cytochrome c levels in both groups. Paradigms used for this group and that of group 2 are depicted in Fig. 2. 2. In vitro anoxia: After 10 minutes of normoxia, slices under went a 20-minute anoxic insult followed by 20 minutes of reoxygenation, after which 10 minutes of anoxia was in duced. Spectra of cytochromes were collected at 10 minutes of normoxia before the first anoxic insult, at 20 minutes of anoxia, at reoxygenation, and after 10 minutes of final an oxia (Fig. 2) .
Statistical significance between groups was determined by one-tailed Student' s t test. Significance was accepted with P < 0.05. All data were expressed as mean ± SD. Figure 1 shows a typical absorption spectra obtained from the cytosolic fraction from postischemic rat neo cortex. This spectrum is nearly identical to that from a 35-nmollL cytochrome c standard with absorption maxima near 419 and 550 nm. A key finding is that the brain spectrum does not exhibit absorption peaks that are characteristic of other mitochondrial pigments (e.g., Fig.  3, top panel) . This confirms that the supernatant was devoid of mitochondria or mitochondrial pigments other than cytochrome c. Figure 4A shows that concentrations of cytosolic cy tochrome c (estimated from a standard curve and protein content) increased significantly after cerebral ischemia by 42% (*P < 0.05). Rats that underwent 20 minutes of ischemia followed by 30 minutes of reperfusion had 5.44 ± l.S x 10-3 fLmollLlmg of protein (n = 7) of cyto chrome c in the cytosolic fraction. Sham-operated rats showed 3.S3 ± O.S x 10-3 fLmol/L/mg of protein of cy tochrome c (n = 7).
RESULTS
Absorption difference spectra depicting the transition from normoxia to anoxia in control hippocampal slices (c.f., Fig. 3 nm attributable to the absorption maxima of reduced cy tochrome a,a3. Figure 2 (bottom panel) illustrates typical findings that absorption by cytochrome c produced by anoxia was greater in control slices than in slices reoxy genated for 20 minutes after an earlier 20-minute anoxic insult. Figure 4B confirms that reduction of cytochrome c produced by anoxia in experimental slices after an earlier anoxic insult (4.00 ± 1.1 x 10-3 log units; n = 9) was significantly decreased by 21 % when compared with that in control slices (5.0S ± 0.9 x 10-3 log units; n = 9; *p < 0.05).
DISCUSSION
These results demonstrate that cytosolic cytochrome c is increased after global cerebral ischemia and that mi tochondrial cytochrome c is decreased after anoxia in hippocampal slices. Absorption spectra from the cytoso lic fraction of rat neocortex after ischemia showed no evidence that other electron carriers were lost from the Average absorption difference spectra derived from control and anoxic hippocampal slices. There was a significant reduction in the cytochrome c signal obtained from anoxic slices than that from control slices (*P < 0.05, n = 9).
mitochondrial matrix. This is not surprising, since cyto chrome c is soluble, whereas the other electron carriers are bound to mitochondrial membranes or in the mito chondrial matrix and are more likely to remain associ ated with the membrane fraction, even after an ischemic insult. These findings support the hypothesis that anoxia or ischemia provokes the release of cytochrome c from cerebral mitochondria into the cytosol. These results also are in agreement with recent preliminary data by Fu jimura and others (1997) showing release of cytochrome c into the cytosol after focal cerebral ischemia. The mechanism by which cytochrome c is released into the cytosol remains undefined. Ouyang and associ ates (1997) showed that large molecules such as the mi tochondrial aspartate aminotransferase were released from mitochondria into the cytosol after transient focal cerebral ischemia, suggesting the opening of the mito chondrial permeability transition pore. Fiskum and col leagues (1997) showed that cytochrome c release could be induced from isolated dog brain mitochondria after 10 minutes of cardiac arrest in beagles by increasing Ca +2 concentration ([Ca +2 ] (Perez-Pinzon et aI., 1998a) . Our re sults and results from these studies suggest that during reperfusion after anoxia/ischemia, mitochondrial perme ability transition or osmotic lysis of mitochondria, or both, may occur. Either event could lead to an overall loss in pyridine nuc1eotides and cytochrome c from mi tochondria. It is possible that hyperoxidation of NADH previously reported (Rosenthal et aI., 1995; Perez-Pinzon et aI., 1997; Perez-Pinzon et aI., 1998a) results from the loss of NADH from the matrix after mitochondrial per meabilization.
There is another possible explanation for the current results: after global ischemia in vivo, mitochondria may be more susceptible to breakage. As a result, the me chanical fractionation procedure, by which cytosol was isolated, could have a greater influence on these mito chondria than those from control brains, Previous studies using the fractionation method used in the current study also have detected cytochrome c in the cytosolic frac tions derived from control cells (Yang et aI., 1997) , sug gesting that this is a normal artifact of this method. This is one reason why complementary experiments were car ried out in hippocampal slices.
In slices, prolonged anoxia plus reoxygenation re sulted in a decrease in labile reducible cytochrome c signal. An explanation for this result could be that a fraction of mitochondrial cytochrome c was not available for reduction by the respiratory chain during anoxia. We interpret this to mean that a fraction of cytochrome c was released from mitochondria to the cytosol. However, these data only suggest that cytochrome c is released from mitochondria, since differences in spectra were not obtained from maximally oxidized versus maximally re duced conditions. It is also possible that the baseline cytochrome c values between the two groups were dif ferent. Additional in vitro studies are required to confirm these findings.
In summary, data here support the hypothesis that ce rebral anoxia or ischemia provoked release of cyto chrome c from mitochondria to the cytosol. This trans location of cytochrome c may be associated with either apoptotic and/or necrotic pathways after anoxia/ ischemia. Cytochrome c release also provides another possible explanation for how postischemic mitochon drial hyperoxidation of electron carriers results. Also, these data suggest that a common mechanism may exist to produce acute and chronic injury after cerebral ischemia.
